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Abstract
The effect of Gd, Ce and Y elements on texture, recrystallization and mechanical properties of Mg–1.5Zn alloys was investigated. The results
show that the addition of Gd, Ce and Y elements in Mg–1.5Zn alloy, which rolled at 450 °C and subsequently annealed at 350 °C for 1h, can
effectively weaken and modify the basal texture, characterized by the splitting basal pole toward to transverse direction, leading to the yield and
tensile strength, the highest along the rolling direction and the lowest along the transverse direction. Besides, the unique basal texture contributes
to the significant improvement of elongation at room temperature. Electron back scattering diffraction (EBSD) analysis indicated that the non-basal
texture in Mg–1.5Zn–0.2RE alloys can be attributed to obstructive effect of static recrystallization and the non-basal orientation grains nucleation
near pre-existing grain boundaries during annealing. Specially, the Mg–1.5Zn–0.2Gd sheet exhibits much excellent plasticity with the elongation
of 27% than Mg–1.5Zn–0.2Ce and Mg–1.5Zn–0.2Y alloys, resulting from the less and smaller second phase of MgZnGd.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Improving fuel efficiency and reducing emissions of
vehicles can be achieved through lightweight construction.
Magnesium (Mg) and its alloys, as the lightest construction
metals, offer a remarkable potential in this area [1]. As for Mg
alloys, the (0002) < 11–20 > basal slip takes place preferen-
tially because the critical resolved shear stress (CRSS) of
the basal slip is lower than the prismatic and pyramidal slips [2].
As we know, five independent slip systems are necessary to
make a polycrystalline material undergo a general homoge-
neous deformation without producing cracks. However, the
basal slip of Mg alloy has only two independent slip systems,
leading to the poor ductility and formability for magnesium
alloys and the hindrance to their applications [3]. In addition, as
for the as-rolled Mg alloy sheet, the (0002) basal plane is
strongly distributed parallel to the RD–TD plane, where the RD
and TD are the rolling direction and transverse direction,
respectively. In such a case, it is very difficult for the textured
sheets to be further deformed in the thickness direction [4],
resulting in a poor stretch formability.
In order to improve the formability, many processing tech-
nologies have been introduced into magnesium alloys and have
been proved to be effective in developing weaker or non-basal
textures, e.g. equal channel angular extrusion (ECAE) [5], dif-
ferential speed rolling (DSR) [6] and torsion extrusion (TE) [7].
However, these processing technologies are not as efficient
as normal rolling (NR) process. Therefore, it is necessary to
develop some other effective way. It was recently found that
Mg alloys with rare earth were used to develop more random
texture during conventional hot rolling [8]. Addition of 0.2wt%
Ce to Mg is able to decrease the (0002) plane texture intensity
compared with pure Mg and lead the (0002) plane texture dis-
tributed parallel to RD [9]. The tendency to split basal intensity
toward the rolling direction may be enhanced by an increase in
the activity of pyramidal slips [10]. Another possibility for the
splitting of the basal plane is the occurrence of double twinning,
which is {10–11} twinning followed by {10–12} re-twinning.
Presently, the addition of rare-earth elements to Mg–Zn alloy
has been found to be an effective way of weakening and chang-
ing the basal texture of wrought magnesium alloys [11–15]. But
the effect of RE element kinds and deformation process on the
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texture evolution and ductility was not studied systematically.
Hence, in this paper, the RE (Gd, Ce,Y) elements were added to
Mg–1.5Zn alloy separately to investigate their effects on the
texture and ductility.
2. Experimental methods
Four alloys denoted as Mg–1.5Zn, Mg–1.5Zn–0.2Y,
Mg–1.5Zn–0.2Ce and Mg–1.5Zn–0.2Gd were used in this
experiment, the chemical compositions of which are listed in
Table 1.
The alloys were prepared with high purity Mg (99.9 wt.%),
Zn (99.9 wt.%) and Mg–30wt.%Gd by vacuum melting under
the argon atmosphere. The ingots were homogenized at 450 °C
for 12h, then quenched in water, subsequently machined to
slabs with a dimension of 120 mm × 90 mm × 10 mm. The
slabs were rolled to sheets with a thickness of 2 mm at a
reduction of 15–20% per pass. Between each pass, the sheets
were held at 450 °C for 15 min to maintain a consistent rolling
temperature. The sheets with a thickness of 2 mm were
annealed at 350 °C for 1 h, followed by a reduction to 1.5 mm
at different rolling temperature (250 °C, 350 °C, 450 °C). Then
the final sheets were annealed at 350 °C for 1h again.
For the optical microstructure, specimens were etched for 20 s
in acetic picral (10 ml water+5g picric acid+5 ml acetic acid +
100 ml ethanol). And the grain sizes were determined by analyz-
ing the optical micrograph with the line-intercept method by
Image-Pro Plus software. The (0002) plane pole figure of the
rolled Mg alloys at surface was investigated by Schulz reflection
method, texture measurements by X-ray diffraction were per-
formed on Siemens D5000. Orientation imaging microscopy
(OIM) was used to study grain orientation via EBSD in ZEISS
ULTRA 55 SEM at 20 kV, 70° tilt angle, and a step size of 1 µm.
The EBSD samples was electro-polished at 20V using the ACII
solution. Tensile specimens with a 6 mm gauge width and a
25 mm gauge length were machined from the sheets in three
orientations: rolling direction (RD), 45° to RD and transverse
direction (TD). Tensile tests were carried out at room temperature
with an initial strain rate of 10−3 s−1 on CMT5605 type universal
testing machine.
3. Results and discussion
3.1. As-cast microstructure with different RE
The as-cast microstructures of the investigated Mg alloys are
shown in Fig. 1. It can be seen that microstructures with a
different average grain size for each alloy were observed. The
average grain sizes were 250 µm for the Mg–1.5Zn, 850 µm for
the Mg–1.5Zn–0.2Gd alloy, 300 µm for the Mg–1.5Zn–0.2Ce,
300 µm for the Mg–1.5Zn–0.2Y, respectively. It means that the
effect of refining grain size by RE element was decreased with
increasing temperature during homogenized process, which
was used to eliminate grain boundary segregation. Obviously
Table 1
Chemical compositions of the alloys used in this experiment (wt.%).
Alloys Zn RE Mg
Mg–1.5Zn 1.48 0 Balance
Mg–1.5Zn–0.2Y 1.44 0.18 Balance
Mg–1.5Zn–0.2Ce 1.45 0.18 Balance
Mg–1.5Zn–0.2Gd 1.46 0.17 Balance
Fig. 1. Microstructure of the investigated Mg alloy ingots. (a) Mg–1.5Zn; (b) Mg–1.5Zn–0.2Gd; (c) Mg–1.5Zn–0.2Ce; (d) Mg–1.5Zn–0.2Y.
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the microstructure showed an inhomogeneous grain size
distribution.
The second phase precipitates in ingots are shown in Fig. 2. It
can be found that the microstructures contain various amounts of
precipitates with different chemical composition. The X-ray
energy dispersive analysis (EDS) of the four alloys shows that
precipitates consist of Zn, RE and Mg (see Table 2). There are
very small precipitates containing Mg, Zn and O in Mg–1.5Zn,
while precipitates in the RE-containing alloys consist of Mg, Zn
and RE elements and the amount of precipitates of Mg–1.5Zn–
0.2Y and Mg–1.5Zn–0.2Ce alloys are more than Mg–1.5Zn–
0.2Gd alloy, leading to the grain size of the these two alloys
smaller than that of Mg–1.5Zn–0.2Gd alloy as shown in Fig. 1.
3.2. Annealing microstructure at different temperature
The microstructures of Mg–1.5Zn and Mg–1.5Zn–0.2RE
(Gd, Ce, Y) alloys with a thickness of 1.5 mm which rolled at
different temperature and subsequently annealed at 350 °C for
1 h are shown in Fig. 3. Obviously, recrystallization occurs in
all alloys. Besides, the average grain size of RE-containing
alloys is much smaller than that of Mg–1.5Zn alloy, indicating
that rolled temperature had little effect on the microstructures
of Mg–1.5Zn–0.2RE alloys. Previous similar studies [14,16]
revealed that the second phase mainly contained the MgZnRE
phase and small amounts of Mg2RE5 phase in Mg–1.5Zn–
0.2RE, which contributed to the grain refinement during the
static recrystallization. Therefore, the RE addition into the
Mg–1.5Zn alloys plays an important role in grain refinement
due to the small and dispersed second phase precipitates.
Fig. 4 shows the (0002) pole figure of Mg–1.5Zn and
Mg–1.5Zn–0.2RE (Gd, Ce, Y) alloys rolled at different tem-
perature and subsequently annealed at 350 °C for 1 h. It can be
found that the addition of RE effectively weakened the basal
texture intensity. Alloys containing RE elements all exhibited
low basal texture intensity, which was much lower than that of
AZ31 alloy sheets (from 6 to 8) [17]. On the one hand, the peak
intensity of the Mg–1.5Zn–0.2RE alloys exhibited the TD
split texture, where the position of basal poles was tilted from
ND toward TD. Moreover, the different rolling temperature
causes the different texture evolution. In spite of the different
rolling temperature Mg–1.5Zn alloy exhibited strong basal
texture, which is higher than 7.6. However, Mg–1.5Zn–0.2Ce,
Mg–1.5Zn–0.2Y and the Mg–1.5Zn–0.2Gd alloys exhibited
low basal texture intensity (less than 2.5) and TD-split texture
characteristics. With the decrease of rolling temperature, the
texture intensity increased gradually and the angle of basal
poles tilted from ND toward TD decreased. It is evident that not
only RE elements but also the rolled and annealed conditions
Fig. 2. Precipitates (No. 1–11) in Mg alloy ingots analyzed by SEM and EDS. (a) Mg–1.5Zn; (b) Mg–1.5Zn–0.2Gd; (c)Mg–1.5Zn–0.2Ce; (d) Mg–1.5Zn–0.2Y.
Table 2
EDS analysis results of precipitate as shown in Fig. 2 (wt. %).
Alloy No. Mg Zn RE O
Mg–1.5Zn 1 58.4 4.6 – 37.0
2 75.2 – – 24.8
Mg–1.5Zn–0.2Gd 3 37.2 10.9 51.9 –
4 51.5 22.6 25.9 –
5 48.8 25.7 25.5 –
Mg–1.5Zn–0.2Ce 6 77.5 18.2 4.3 –
7 85.8 11.4 2.8 –
8 67.9 13.7 8.4 –
Mg–1.5Zn–0.2Y 9 55.7 16.6 27.7 –
10 65.4 10.5 24.1 –
11 67.7 22.5 9.8 –
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affected the texture evolution mechanism of Mg alloys. Wang
and Huang [18] stimulated the rolling texture in HCP metals
with different c/a ration. The results shown that metals possess-
ing c/a ratio less than 1.633 tend to form textures with basal
poles tilted ±20~40° away from the normal direction toward the
transverse direction. The reason of TD-split texture mostly can
be attributed to the prismatic and pyramidal slips. During the
annealing process, the prismatic and pyramidal dislocation was
absorbed and the new grain with the relatively random orien-
tation appeared, finally leading to the TD-split.
3.3. Mechanical properties at different temperature
The tensile properties of Mg–1.5Zn and Mg–1.5Zn–0.2RE
(Gd, Ce,Y) alloys with a thickness of 1.5 mm which were rolled
at 450 °C and subsequently annealed at 350 °C for 1 h are
shown in Fig. 5. Mg–1.5Zn alloy exhibits yield anisotropy
similar to conventional magnesium alloys, such as AZ31B. The
highest yield strength is obtained along the TD and the lowest
along the RD. Additionally, the yield point is much more
improved in the TD than that in any other direction. The total
elongation is slightly higher in the RD than that in other orien-
tations. The tensile strength is rather low along different direc-
tions. In comparison to the yield anisotropy of Mg–1.5Zn alloy
sheets, the results obtained from the Mg–1.5Zn–0.2RE alloys
are in many ways opposite. The yield and tensile strength are
highest in the RD and decreases along the TD. The total elon-
gation is lowest along the RD. And it is worthy of special
mention that the tensile properties of Mg–1.5Zn–0.2Y and
Mg–1.5Zn–0.2Ce alloys exhibited lower elongation, higher
Fig. 3. Optical micrographs of the rolled and subsequently annealed Mg alloys.
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strength and higher yield stress compared with those of
Mg–1.5Zn–0.2Gd alloy at three direction. The strengthening
behavior of the Mg–1.5Zn–0.2Y and Mg–1.5Zn–0.2Ce alloys
is likely attributed to the presence of large MgZnRE phase
particles, as shown in Fig. 2.
It is known that the stamping formability of sheets at
room temperature is strongly affected by the Lankford value
(r-value). The r-values of all Mg–1.5Zn–0.2RE specimens
(rave ≤ 1.0) were much lower than that of conventional Mg
alloys (rave = 3.1) [4]. The low r-value indicates that sheet
thinning can easily occur during in-plane tensile deformation.
And all the r-value of Mg–1.5Zn–0.2RE specimens at TD was
lowest, which can be explained by the distribution and intensity
of the TD-split texture.
The tensile properties of Mg–1.5Zn–0.2Gd alloy with a
thickness of 1.5 mm which rolled at different temperature and
subsequently annealed at 350 °C for 1 h are shown in Fig. 6.
The yield and tensile strength of Mg–1.5Zn–0.2Gd alloy have
the same trend, namely the highest yield strength is measured
along the RD, the lowest along the TD. The value is very similar
while the total elongation is highest along the TD. The r-values
are highest along the 45°, lowest along the RD, which can be
attributed to the distribution and intensity of the TD-split
texture. Overall, Mg–1.5Zn–0.2Gd sheet have the excellent
plasticity no matter what the rolled temperature is. This means
in the production process, the Mg–1.5Zn–0.2Gd alloy have
larger temperature range during hot rolled, which is beneficial
to the manufacture control.
Fig. 4. (0002) plane pole figures of the rolled at different temperature and subsequently annealed Mg alloys.
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Fig. 7 shows the fracture surface after tensile test along the
TD of the rolled and subsequently annealed Mg–1.5Zn and
Mg–1.5Zn–0.2RE alloys. In Mg–1.5Zn alloy, the fracture sur-
faces compose of cleavage planes (as shown in Fig. 7(a)), which
is in accord with its total elongation (16.4%). Obviously, the
fracture mode of Mg–1.5Zn alloy is cleavage. When the
Mg–1.5Zn alloy add 0.2wt% RE (Gd, Ce, Y), fracture surfaces
are much different from Mg–1.5Zn alloy, and exhibit mixed
characteristics of brittleness and ductility (as shown in
Fig. 7(b)–(d)), which is in accord with its high elongation
(greater than 20%). Therefore, the fracture mode of Mg–1.5Zn–
0.2RE alloys is quasi-cleavage.
However, there is distinct difference in fracture pictures of
Mg–1.5Zn–0.2RE alloys. The fracture surface of Mg–1.5Zn–
0.2Gd alloy has large numbers of dimples and a few tear ridges.
Clearly, Mg–1.5Zn–0.2Gd alloy experienced sufficient plastic
deformation before fracture failure, resulting in better ductility
than the others. Additionally, the second phase particles of
Mg–1.5Zn–0.2Gd alloy were much less and smaller on the
fracture surface than the others. In general, hard second phase
particles in a metallic material often become the sites for stress
concentration and void nucleation. Therefore, much more
second phase particles may weaken the contribution of the
unique basal texture to improve stretch formability and
ductility. Mg–1.5Zn alloy contained elements of 0.2wt% Y and
0.2wt% Ce produce much more second phase particles than
0.2wt% Gd (as shown in Figs. 1, 2 and 7), so it is another
reason that Mg–1.5Zn–0.2Gd alloy has better ductility than
Mg–1.5Zn–0.2Y alloy and Mg–1.5Zn–0.2Ce alloy.
The texture of Mg–Zn–RE alloys is much different with
Mg–Zn alloy, caused by the rare earth. When the Mg–1.5Zn
alloy was added to 0.2wt% RE (Gd, Ce, Y), alloys after rolled
and subsequently annealed exhibited a similar texture, character
by low basal texture intensity and TD-spilt. So, there should be
positive effect on recrystallization in Mg alloys with addition of
RE element. Fig. 8 shows the orientation imaging microscopy
(OIM) and band contrast of Mg–1.5Zn–0.2Gd alloy rolled at
450 °C and subsequently annealed with different time. There is
no apparent dynamic recrystallization (DRX) that occurs in the
sheet rolled at 450 °C, indicating that the addition of Gd ele-
ments extremely restricts DRX. Fig. 9 shows the relatively
small second phase particles along the grain boundary. As we
know, the small second phase can effectively hinder grain
boundary and dislocation migration, hence no recrystallization
appears in hot rolled alloys. When alloys annealed at 350 °C for
5 min, partial recrystallization has occurred and the new grains
were near grain boundaries, showing that the pre-existing grain
boundaries induce recrystallization mechanism occurs first.
Fig. 5. Tensile properties of Mg alloys with 450 °C rolled and subsequently annealed at 350 °C for 1 h.
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Fig. 6. Tensile properties of Mg–1.5Zn–0.2Gd alloy with rolled at different temperature and subsequently annealed at 350 °C for 1 h.
Fig. 7. SEM fracture photos after tensile test of 450 °C rolled and subsequently annealed at 350 °C for 1 h Mg alloys. (a) Mg–1.5Zn; (b) Mg–1.5Zn–0.2Gd;
(c) Mg–1.5Zn–0.2Ce; (d) Mg–1.5Zn–0.2Y.
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This is direct evidence of that the pre-existing grain boundaries
induce recrystallization in RE contained Mg alloys during
annealing. When annealed at 350 °C for 10 min, recrystalliza-
tion took place in most grains, simultaneously the basal texture
grains (red grains in Fig. 8(b) and (c)) were replaced by other
grain with different orientation. When alloy annealed at 350 °C
for 60 min, complete recrystallization took place.
Fig. 10 shows the partial recrystallization micrograph of the
Mg–1.5Zn–0.2Gd alloy. The new grains near grain boundaries
were firstly recrystallization and the orientation of them were
much different from deformation grains. The misorientation
between recrystallization grains and deformation grains as
shown in Fig. 10(b). There is no evident regularity of the mis-
orientation, so the random orientation is resulted from anneal-
ing process. To conclude, recrystallization process leads to
lower basal texture intensity of the Mg–Zn–RE alloys.
Fig. 8. Orientation imaging microscopy and band contraction of the Mg–1.5Zn–0.2Gd alloy. (a) 450 °C Rolled; (b) annealed at 350 °C/5 min; (c) annealed at
350 °C/10 min; (d) at 350 °C/60 min.
Fig. 9. TEM image of Mg–1.5Zn–0.2Gd alloy.
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4. Conclusions
1 The addition of Gd, Ce and Y elements in Mg–1.5Zn alloy
can effectively weaken and modify the basal texture, char-
acterized by the splitting basal pole toward to TD, leading to
the yield and tensile strength, the highest along the RD and
the lowest along the TD. Besides, the unique basal texture
contributes to the significant improvement of elongation at
room temperature.
2 The non-basal texture in Mg–1.5Zn–0.2RE alloys can be
attributed to obstructive effect of static recrystallization and
the non-basal orientation grains nucleation near pre-existing
grain boundaries during annealing.
3 The Mg–1.5Zn–0.2Gd sheet exhibits much excellent plas-
ticity with the elongation of 27% than Mg–1.5Zn–0.2Ce and
Mg–1.5Zn–0.2Y alloys, resulting from the less and smaller
second phase of MgZnGd.
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